The role of the dairy cow is to help provide high-quality protein and other nutrients for humans. We must select and manage cows with the goal of reaching the greatest possible effi ciency for any given environment. We have increased effi ciency tremendously over the years, yet the variation in productive and reproductive effi ciency among animals is still quite large. In part this is because of a lack of full integration of genetic, nutritional, and reproductive biology into management decisions. However, integration across these disciplines is increasing as biological research fi ndings show more specifi c control points at which genetics, nutrition, and reproduction interact. An ordered systems biology approach that focuses on why and how cells regulate energy and N use and on how and why organs interact by endocrine and neurocrine mechanisms will speed improvements in effi ciency. More sophisticated dairy managers will demand better information to improve the effi ciency of their animals. Using genetic improvement and proper animal management to improve milk productive and reproductive effi ciency requires a deeper understanding of metabolic processes during the transition period. Using existing metabolic models, we can design experiments specifi cally to integrate new data from transcriptional arrays into models that describe nutrient use in farm animals. A systems modeling approach can help focus our research to make faster and large advances in effi ciency and show directly how this can be applied on the farms.
INTRODUCTION
This paper provides some background and philosophy on systems biology in dairy cattle research, focusing on the transition period and early lactation. My purpose is to provide a brief philosophy and examples of a systems approach to improve understanding of dairy cattle biology, not to provide tremendous detail because such detail is already available in Baldwin (1995) , Chagas et al. (2007) , McNamara (2010a,b) , and Drackley (2011) and in the other references cited. The primary goal of this work is to stimulate an increase in coordinated, systems-based research and analysis in the animal agriculture community worldwide.
The approach to funding and activity is still limited in systems biology and systems research. Objectives should include critical prestudy reasoning as to what should be studied, why it should be studied, why the system works the way it does, and how the work, when completed, will contribute to a deeper understanding of the system. Although more systems work is being funded, we need a more thorough application of bio-mathematical reasoning to provide more effi cient, faster, quantifi able improvement in understanding dairy cattle biology and application on farm. Hopefully, we can seize opportunities ahead to solve what is actually a quite simple problem: how to feed everyone in the world a highly nutritious diet that includes animal products. Our call and challenge as animal scientists is no less than this. How do we ensure a safe, sustainable, high-quality protein food supply worldwide for future generations?
SYSTEMS BIOLOGY
Systems biology means different things to different people. At a minimum, it is the recognition that each piece of the system (e.g., gene, enzyme, pathway, cell, organ) has a specifi c function related to the outcome of the entire system, not just the subsystem in which the molecule acts. For example, synthesis of ATP from the tricarboxylic acid cycle and electron transport chain in the liver provides immediate support to anabolic reactions in a liver cell, but the protein synthesized is exported into the blood to serve other needs of the system. When the work in metabolic control of pathway fl ux evolved into study of gene transcription and protein translation, and when sophisticated techniques were developed to study those processes, in some circles the purpose of the research got somewhat muddled and systems biology was taken by some to be relevant only to genomic, transcriptomic, or proteomic work. However, the genome, transcriptome, and proteome exist only to serve the needs of the entire system (the why question: growth and reproduction, for example). The fi elds of genomics and transcriptomics have provided a wealth of knowledge but, in large part, this information has not been fully integrated into our biological models and decision-making systems. Measuring transcripts of mRNA or defi ning QTL and SNP tell us about a part of the system, but knowledge at those levels needs to be integrated into control of metabolic, endocrine, cell signaling pathways and then into animal-level nutritional, genetic, and reproductive management. Given that, where do we move forward in the system of research in control of animal production?
The following series of quotations from CornishBowden (2005) helps put systems biology in perspective.
"The idea of systems biology is not new: as long ago as 1968, the mathematician and engineer Mihajlo Mesarovic regretted that 'in spite of considerable interest and efforts, the application of systems theory in biology has not quite lived up to expectation.' But what of systems biology today? Does it now look more likely to lead to the expected benefi ts?" "In the 1950s the geneticist and biochemist Henrik Kacser was already urging biologists to take systems seriously: 'The problem is … the investigation of systems, i.e. components related or organized in a specifi c way. The properties of a system are in fact "more" than (or different from) the sum of the properties of its components, a fact often overlooked in zealous attempts to demonstrate additivity of certain phenomenon. It is with these "systemic properties" that we shall be mainly concerned....'" "In attempting to defi ne systems biology, Olaf Wolkenhauer (University of Rostock, Germany) emphasized the need for a shift in focus away from molecular characterization towards understanding functional activity."
In animal agriculture, we have had a clear objective to improve effi ciency and productivity and thus have focused on the system, usually at the empirical level of input and output, such as BW, lean gain, milk, and egg production. In addition, animal science researchers have conducted excellent basic biology research for several decades. These 2 approaches combined have done much to improve animal effi ciency, welfare, and productivity. However, my primary message is that we, as members of a scientifi c fi eld, have not always done as well as we might to integrate these 2 approaches and that we have the ability to improve. It is diffi cult to do a focused study on specifi c cellular systems and also collect the relevant blood, organ, and animal-level data. Many facilities and scientists do not have the equipment or training to make cellular or molecular measurements in the context of a production trial. Nevertheless, we have made great strides; we understand a signifi cant amount about molecule, pathway, cell, organ, and animal-level functions and thus are poised to use a full systems approach to come to a richer understanding of the links between genetic and environmental control.
The transition cow is an example of a complex system of many parts focused on the dominant physiological state of lactation, with a multifactorial goal of feeding the present generation and initiating the next one. However, and usually for good reason, the primary approach has been reductionistic and has focused on specifi c disciplines (e.g., nutrition, genetics, reproduction). This provided a signifi cant amount of understanding and improvement in the fi eld, but until recently (i.e., within the last 15 yr or so), most of the scientists in these disciplines did not interact and test more integrated hypotheses. For example, high milk production and fertility were not thought to be compatible for inclusion together in a study. The thinking was that reproductive traits have low heritability compared with milk production, so we should focus on milk production. Newer, more integrated approaches have clearly shown the interconnectedness of genetics, nutrition, and reproduction in dairy cattle and other species (Butler, 2003; Roche, 2006; Chagas et al., 2007; Vazquez et al., 2010; Lean et al., 2011) . Great strides in applications of research results on genetics, nutrition, and reproduction have resulted in some impressive dairies. But a full systems approach could improve all of these simultaneously and even faster.
PURPOSE OF ANIMAL AGRICULTURAL RESEARCH
With the philosophy and background presented, let us back up to defi ne the critical why? Consider the following quotations from Baldwin (1995) .
"There is general agreement among most informed authors that products of animal agriculture will continue to contribute to the world food supply. However, the key challenge of ascertaining how much animals should contribute has not been resolved."
"Our inability to undertake quantitative evaluations of impacts of competing human nutrition strategies on human food availability is due in large part to the fact that current plant and animal production models are normally restricted to single species and have not been interfaced."
"This is a long-term goal that will require the availability of advanced dynamic, mechanistic models of ruminant digestion and metabolism…."
Because of the work of Baldwin and others, a solid and validated framework for systems models of the cow provides a basis for integrating genomics and transcriptional control (Baldwin et al., 1987a,b; Baldwin, 1995; Hanigan et al., 2009; McNamara, 2010a,b) . The model is titled "Molly," and the full history can be found in the previous references. Updates, challenges, and improvements have continued to demonstrate the worth of this approach to direct research in dairy biology (McNamara and Baldwin, 2000; Hanigan et al., 2009) . The objective of this model is simple: "To develop a dynamic, mechanistic model of digestion and metabolism in lactating dairy cows suitable for evaluation of hypotheses regarding underlying energetic relationships and patterns of nutrient use" (Baldwin et al., 1987a) .
In 1968, Baldwin published an article titled "Estimation of theoretical calorifi c relationships as a teaching technique: A review" (Baldwin, 1968) . He described the aggregate biochemical pathways that are the components of the net energy system of feeding cattle, work that was just wrapping up after about 100 yr of effort across the world by many scientists (Lofgren and Garrett, 1968) . This connection between the mechanisms of nutrient fl ux and practical, empirical cattle feeding led to 40 yr of work on developing biomathematical models of nutrient use and to many other related efforts. If all students from then on had read those papers, we would have a far deeper understanding of agricultural animal systems today.
The Molly model describes aggregated pathway biochemistry in a simple and scientifi cally correct fashion. It does not attempt to model every reaction, but rather to model at the level of biological control most pertinent to the animal system. It is not empirical at the animal level because the objective is to describe the animal system at the pertinent level of chemical interconversions of nutrients in the cells. For a thorough discussion of the purposes and practices of metabolic models, see Baldwin (1995) . To expand the systems approach, we can integrate transcriptomics data to identify the mechanisms involved in control of productive functions and rule out those not. Here I provide just 1 example of integrating transcriptomic data and integrating genetics, nutrition, and reproduction to understand the underlying patterns and control of effi ciency in dairy cattle.
SYSTEMS BIOLOGY IN EARLY LACTATING DAIRY COWS
Respiration calorimetry was the bread and butter of energetic and early N effi ciency research. By the 1960s, the story had been told in terms of using respiration calorimetry and comparative slaughter to understand underlying biology. Our knowledge had moved past that, and the descriptions of effi ciency of DE, ME, NE, and N use allowed us to switch our focus to the underlying control mechanisms. For example, in 1968, Baldwin calculated the energy effi ciency of milk synthesis at any given composition from the biochemical pathway stoichiometry, simultaneously with empirical calculations from respiration calorimetry and energy and N balance studies. Not surprisingly, there was agreement that, assuming the proper amounts and balance of precursors were available, the effi ciency of milk synthesis in the mammary gland was about 83% (Baldwin, 1968) . That was a constant percentage, variable with variation in milk composition, regardless of the amount of milk produced. It was thus clear that any increases in effi ciency must come from either 1) increasing total milk energy secretion at similar maintenance costs (i.e., dilution of maintenance costs) or 2) improving the effi ciency of metabolic functions in organs such as the digestive system, liver, muscle, and adipose tissue. It was also known that the effi ciency of storing body fat from carbohydrate was approximately 40%, and from fat approximately 90%. The effi ciency of muscle growth was only about 25 to 35%, depending on the stage of maturity and the balance of AA provided. This was, of course, due to the normal and required cost of muscle protein turnover (as noted years later by Cornish-Bowden, 2005) . Thus, if improvements in efficiency were to be made, we needed to understand the underlying functions of the organs of the body.
We used a modeling approach to ask the following questions: "What patterns of metabolic fl ux exist in dairy cattle of varying genetic merit and intakes?" and "Related to that fl ux, which genes are changing transcription in the adipose tissue?" This was in direct, if delayed, response to a challenge laid out years earlier by Baldwin et al. (1980) : "When considerable biological variation exists, opportunities for improvement are embedded within the variation…." and "Observed effi ciencies considerably below theoretical are also observed. This raises 2 important questions: 1) could we learn to identify animals that are capable of attaining maximum effi ciencies and based on genetic selection improve the average effi ciency of animal production? and 2) If we knew exactly what types of unfortunate metabolic decisions that the less effi cient animals were making, could we manipulate the metabolism of those animals such that their effi ciencies would approach those of the best animals?" In retrospect, it is clear that many scientists have since done exactly that, but many have not taken on the full task of integrating the gene-level processes with metabolism and then integrating all the metabolic functions with the physiological and animal levels.
Thus, to do just that, data were collected from several studies done at Washington State University with fi rst-to fourth-parity cows from 28 d prepartum to 120 d in milk (DIM). These studies included total feed intake, nutrient composition of intake, milk and component output, body fat and protein, and transcript levels for several key metabolic control proteins and enzymes expressed in adipose tissue as variables measured (McNamara and Valdez, 2005; Sumner and McNamara, 2007) . These cows were all on the same or similar diets, from the same herd, and spread over several years. The Molly model (Baldwin, 1995; McNamara and Baldwin, 2000) was used to simulate the metabolism of each cow (n = 126 from studies cited previously) from 0 to 120 DIM. Input variables included daily feed intake and chemical composition, initial BW, fat, and protein content. Outputs included milk components and pathway fl uxes for lipid and glucose in mammary, body, and visceral energy and protein and changes in body fat and protein.
Simulations were continued until d 305 to predict potential overall effi ciency.
Body fat, body protein, and visceral protein all varied (P < 0.05) widely among animals in their daily fl ux, with genetic merit (i.e., predicted transmitting ability for milk) and total NE absorbed being the greatest contributors to variance. Means for all cows were 112 Mcal/d (range = 89-139) for intake energy, 32.3 (range = 19.9-41.9) for maintenance, −0.51 (range = −1.74 to −0.015) for change in body energy, and 0.843 (range = 0.826-0.862) for net energy effi ciency [milk energy/(energy absorbed − maintenance energy)]. The model predicted response to dietary energy, dietary fi ber, and dietary protein content within 1 SD of the observed (P < 0.05). We could thus use the model outputs to ask questions about the patterns of metabolism in animals of varying effi ciency.
An interesting fi nding was that variations in nonmammary tissue metabolism affected overall effi ciency while mammary effi ciency approached the theoretical maxima, as Baldwin predicted 40 yr ago (Table 1; Onken et al., 2011) . There was a range of milk productions and feed intakes, as expected, but even in the same herd and among cows in the same studies the variation in metabolic pathways in the adipose, muscle, and liver were even more striking. Even within a herd of similar cows on the same diet, use of energy for metabolic functions can vary 100% between animals (Table 1; Figures 1, 2 , Figure 1 . Absorption and use of energy for milk in dairy cattle fed the same diets. To show representative variation among cows consuming the same diets, data are values for the cows with the maximal use rates compared with those with the minimal use rates. MEI = ME intake; NE milk = the NE in milk; EB = energy balance; Max = maximal value; Min = minimal value. Note that MEI is measured as a function of observed feed intake; thus, the daily variation can be seen. The animals with the lesser intake also varied much more from day to day. Milk production is as observed; energy balance is as calculated by the Molly model (Baldin, 1995) . Color version available in the online PDF. and 3). Why? There remains signifi cant undefi ned variation in metabolism that defi nes the summative energy effi ciencies. Studying energy effi ciency with a goal of making all cows more effi cient must be done in the context of understanding the system where it is controlled, at the pathway level in individual organs. Similar to energy use, N use varied (Figure 2 ). Nitrogen intake was 0.66 kg/d (range = 0.52 to 0.81), milk N was 0.21 kg/d (range = 0.16 to 0.27), change in body N was −0.016 (range = −0.06 to −0.004), N in urea was 0.31 (range = 0.26 to 0.37), and N balance was −0.018 (range = −0.032 to −0.008). Animals varied in nonmammary energy and N use, and the model identifi ed (P < 0.05) differences in energy and N in the 20% most effi cient cows and the 20% least effi cient cows.
What does this mean in the system of the cow? We must pinpoint the critical control mechanisms that vary metabolic rates in the liver, gut tissues, muscle, and fat and ask the question "Can these effi ciencies be changed?" and, more importantly, "Can they be changed without altering the basic system to the detriment of the animal?" The answer is, of course, yes, because we can identify those animals that most effi ciently utilize nutrients and identify their control points.
ADIPOSE TISSUE AS AN EXAMPLE OF A SUBSYSTEM
Within the same studies referred to previously, we took several samples of adipose tissue from 28 d prepartum to 56 or 90 DIM (McNamara and Valdez, 2005; Sumner and McNamara, 2007; Sumner-Thomson et al., 2011) . Our original interest was in the control of lipolysis. Hormone-sensitive lipase (HSL) is controlled by phosphorylation, as is the translocation of its colipase, perilipin. Thus, control is through the sympathetic nervous system through norepinephrine and, indirectly, the action of insulin to reduce response to β-adrenergic stimulation. We learned a lot about the control of this enzyme, which is responsible for providing large amounts of fatty acids for milk fat synthesis as well as energy use by tissues. Over the past 25 yr, we discovered and confi rmed that activity of HSL and rates of lipolysis are highly related to genetic merit and actual milk production of the cow (McNamara and Hillers, 1989 ; see also McNamara, 2010a) and references therein). The energy need of the animal is the primary controller of lipolysis, whereas rates of food intake affect lipolysis only through indirect control by anabolic signals. Control of anabolic pathways (e.g., lipogenesis), however, is highly related to intakes and is affected to a lesser degree by milk production (McNamara and Hillers, 1989; McNamara, 2010a) .
Thus, we asked the question, "Is transcription a major control link in the pattern of effi ciency, or are other Figure 2 . Absorption and use of AA for milk in dairy cattle fed the same ration (A), and fl ux of AA through biochemical pathways in lactating dairy cattle fed the same ration (B). In panel A, to demonstrate the variation among animals in metabolic effi ciency, the average of the herd and the cows with the minimal fl ux rates are compared with cows with the maximal fl ux rates in animals fed the same rations over the same period of time. Max = maximal rate; Min = minimal rate; AbsAa = absorbed AA; AaPm = AA to milk protein; AaGl = gluconeogenesis from AA; DAaB = net body protein change; DAaV = net visceral protein change; AaUr = urea formation. Color version available in the online PDF. metabolic control systems or both in place for lipolysis?" More specifi cally, we asked, "Is the increase in activity of HSL and rates of lipolysis a function of transcription, and if so, by how much?" Simultaneously, we asked the same question about control of transcription to determine rates of anabolic pathways. It was already known in other species, and more recently in the cow, that anabolic pathways are highly controlled at the level of gene transcription. For example, a decline in glucose absorption signals a cascade of reduction in transcription for control proteins and enzymes that oxidize glucose or convert it to fatty acids.
In 2007, we reported for the fi rst time the level of transcripts for HSL, perilipin, and the β-1, β-2, and β-3 adrenergic receptors in adipose tissue of lactating dairy cows (Sumner and McNamara, 2007) . All of these transcripts increased in amount during lactation, with a peak around 90 DIM, which is when milk production was greatest. This indicated a role for increased transcription in control of overall lipolytic activity, but the pattern was more subtle. The increase in message did not peak until lactation did, indicating that this is not an early response to the negative energy balance and increased milk production of early lactation. Rather, this seems to be a secondary response over time. This does not mean it is not important; just because it was not the fi rst physiological response does not mean it is not quantitatively important. In any system, all control is relevant.
When we asked the question of proportional control though multiple regressions, we began to learn more about the system relating transcriptional control with lipolysis. When we regressed the expression of the β-2 adrenergic receptor on BW, BCS, and empty body fat, this accounted for about 10% of the variation. When we focused the regression comparing β-2 adrenergic receptor transcript on the maximally stimulated rate of lipolysis, again only about 10% of the variation could be defi ned (Sumner and McNamara, 2007) , indicating that about 10% of the control of lipolysis during lactation can be attributed to an increase in message for this receptor. This is reasonable given all the other levels of control on lipolysis and that amount of adrenergic receptor is controlled in a loop of increased stimulation, reduced receptor activity, and attenuation of response (i.e., a governor to avoid rapid mobilization).
The other systems analysis we did was to ask how the message for HSL related to lipolytic rate in adipose tissue. Even though HSL catalyzes this reaction, we found only about 12 to 17% of the variation in stimulated lipolysis explained by an increase in HSL mRNA, and there was no relationship between HSL message and basal (i.e., nonstimulated) lipolysis (Sumner and McNamara, 2007) . Thus, the inference is that the majority of the control of HSL activity is posttranslational, or physiological through activation of the sympathetic nervous system and increased protein phosphorylation. This fi nding is consistent with our previous measurements of lipolysis in the cow and with what we demonstrated years earlier in the rat model (i.e., sympathetic nervous system activity is changed in adipose depots during lactation; McNamara and Murray, 2001 ).
Since we started the transcription study, it has been suggested based on some good data that basal lipolysis is catalyzed by a different enzyme, adipose tissue triacylglycerol lipase (Montserrat et al., 2008) . Recent work in dairy cattle has confi rmed involvement of several proteins in control of lipolysis in adipose tissue (Elkins and Spurlock, 2009; Koltes and Spurlock, 2011) . It also confi rmed specifi c relationships between expression of gene transcripts and animal-level production (Koltes and Spurlock, 2011) . This continues to demonstrate the need for a systematic approach to defi ne the quantitative contribution of all control in the system. It also demonstrates the importance of lipolysis to survival because the amount of control on this very simple reaction is a redundant system.
From this same study, we then conducted an analysis of the gene transcriptome in bovine adipose tissue during the transition from pregnancy to lactation (SumnerThomson et al., 2011) . We obtained adipose tissue by biopsy at 30 d prepartum and 14 d postpartum and extracted the RNA. This was hybridized to the Genechip Bovine Genome Array (Affymetrix, Santa Clara, CA). Animals averaged 29.8 kg/d of milk for the fi rst 60 DIM (SEM = 1.3, range = 18.6 to 44.8 kg/d). They lost 42.6 kg of BW (SEM = 8.4, range = 9.1 to −113.6 kg) and 0.38 BCS units (SEM = 0.10, range = 0 to −1.0 unit) from 0 to 14 DIM. This is a normal range for dairy cattle housed and fed alike and gives a glimpse of the yet unknown effects of genetic variance in a similar population.
Anabolic pathway genes decreased from 30 d prepartum to 14 DIM (P < 0.05), including the following (mean percentage change in signal strength units with mean signal strength set to 125): steroyl response element binding protein, −25.1% (SEM = 6.2); glucose transport 1, −57.3% (SEM = 14.1); thyroid hormone receptor spot 14, −30.8% (SEM = 7.4); lipoprotein lipase, −48.4% (SEM = 7.7); and acetyl coenzyme A carboxylase, −60.6% (SEM = 13.0). The regression coeffi cients of transcript change on milk production were 0.18 for acetyl coenzyme A carboxylase and 0.26 for ATP-citrate lyase (P < 0.05). Lipolytic control elements mRNA transcripts, including the following, increased, with much variation among animals: Ca channel subunit, 338% (SEM = 203); β-2 adrenergic receptor, 52.0 (SEM = 8.8); and HSL mRNA, 23.0 (SEM = 17.9). The regression coeffi cients of transcript change on milk production were 0.30 and 0.25 for β-2 adrenergic receptor and HSL mRNA, respectively. These latter regressions explain somewhat more of the variation than those for HSL and β-2 adrenergic receptor in lipolysis, which is intriguing. These results led us to conduct further, more in-depth studies to integrate transcriptional control into the metabolic model.
We have since conducted additional studies on transcriptional control of metabolism and effi ciency in the cow. We identifi ed fi rst-and second-parity animals based on their sire genetic merit or previous production or both, and then fed them to requirements or to 90% of requirements for energy by pair feeding. We then sampled adipose tissue at intervals during late pregnancy and early lactation to measure lipogenesis, lipolysis, and transcript amounts through use of the Affymetrix Bovine Gene Array, as well as reverse-transcription PCR for some of the genes. We hope to see more specifi cally how mRNA transcripts, rates of metabolism, body composition, energy intake, and milk energy secretion are fully related to each other in the system. To date, we do not have the full regressions completed, but some interesting patterns certainly are emerging (Sumner-Thomson et al., 2011) .
A total of 48 cows were grouped by their sire-predicted transmitting ability for milk (PTAM)-high genetic (PTAM = 870 kg) or low genetic (PTAM = 378)-and one-half of each group was fed either to energy requirements (referred to as normal cows) or to 90% of energy requirements (referred to as low cows). Other components were fed to requirements. Feed intake from 21 to 1 d prepartum was 13.6 kg of DM/d for normal cows and 12.7 kg of DM/d for low cows (SEM = 1.5). From 1 to 56 DIM, feed intake was 21.2 and 17.4 kg/d, respectively (SEM = 1.4). Milk production was 36.1 and 33.3 kg/d for high genetic and low genetic cows, respectively, from 27 to 56 DIM (P < 0.05). Adipose tissue biopsies at −21, −7, 7, 28, and 56 d around parturition (±2 d around the mean) were used to measure lipolysis, lipogenesis, and gene expression. Rates of lipogenesis were less during lactation and less in LG cows, whereas lipolysis rates were greater for both conditions (P < 0.05). The mRNA abundance of the β-2 adrenergic receptor, HSL, and the colipase perilipin was several fold greater (P < 0.05) in animals on restricted energy. The mRNA for caveolin-1 and caveolin-2 decreased 20 to 40% (P < 0.05) in lactation consistent with the increase in lipolysis and HSL message. The gene expression array showed coordinated decreases in genes regulating lipogenesis (e.g., thyroid hormone receptor spot 14, −26%; acetyl CoA carboxylase, −76%; lipoprotein lipase, −57%; ATP-citrate lyase, −22%) and no change or moderate increases in those controlling lipolysis (Table 2) .
Further, we were able to run regressions of gene expression on milk production. For the genes listed, in parentheses are the regression coeffi cients for gene expression versus milk production in the fi rst month of lactation: glucose transporter 1 (r 2 = 0.34); IGFBP (r 2 = 0.67); thyroid hormone receptor spot 14 (r 2 = 0.38); lipoprotein lipase (r 2 = 0.18); and leptin (r 2 = 0.31). All of these genes controlling anabolic reactions were negatively related to milk production. These regression coeffi cients give us some mathematical insight into how much control might be exerted on the anabolic pathways by gene expression. Little relationship existed between milk production and lipolytic control genes, again indicating that most control on lipolysis is physiological.
We can use a systems biology approach and use the model to ask deeper questions about control of the system. Changes in gene expression alter the maximal velocity of lipogenesis and lipolysis. These changes measured in the cows can be used to alter the maximal velocity parameters of lipogenesis and lipolysis in body fat, in direct proportion to the relative change in transcript level, based on the principle that mRNA abundance directly relates to enzyme concentration but is independent of posttranslational modifi cation. We can then add the control by posttranslational physiology (already in Molly through anabolic and catabolic hormone control). Integration of these control elements into metabolic models provides the opening to more fully explore the relationships of genotype, phenotype, and nutritional environment on the effi ciency of dairy cattle. There are some successful examples, requirements, and illustrations of this approach in McNamara and Boyd (1998) , McNamara and Pettigrew (2002a,b) , Hanigan et al. (2009), and McNamara (2010a) . Although this is a good example of a systems approach, it is still just one aspect of the cow. The work did not include reproduction or a detailed analysis of the specifi c genotypes and phenotypes. Reproduction is controlled by genetic and nutritional means (Butler, 2003; Chagas et al., 2007; Vazquez et al., 2010) . A systems model of nutrition and reproduction in the cow is under construction (McNamara, 2010a (McNamara, ,b, 2011 to ask specifi c questions about the control of reproductive processes by genetic and nutritional mechanisms.
SUMMARY AND CONCLUSIONS
A major barrier to improvement of models, and more importantly, our understanding of the dairy cow, is lack of an accurate description of the phenotype of the animal being modeled, expressed as, for example, gene transcription control, enzyme activity, hormone and receptor kinetics, and intracellular signaling. An additional barrier continues to be the thought processes of scientists who are not trained in more complex regulation and theories and are uncomfortable with the ideas or skeptical of the value of integrative biology. Attitudes toward systems research are changing as more sophisticated data sets and techniques become available. In addition, the new funding paradigm at the USDA National Institute of Food and Agriculture will help scientists to integrate understanding of genetics, nutrition, and reproduction.
A modeling approach to research may be defi ned as an ordered way of describing knowledge of some real, complex system. A quantitative description of metabolic transactions is critical to improve understanding and improve nutrient requirements, health, and longevity. Models of increasing complexity, ever grounded in validated research data, will continue to improve our quantitative understanding. Information from genomic research can be understood only with the means of complex model systems; this philosophy is shared by others (Dawson, 2006) .
The dairy cow and the dairy industry are systems from the cell level to international markets and food needs. We need a reinvigorated, multiinvestigator, multidisciplinary, integrated approach to solve the present and future problems of productive effi ciency, including milk production and reproduction. This research effort will require construction and testing of mechanistic biomathematical models. Finally, we need to train students, scientists, and professionals in the importance of using integrative biology and biomathematical models to help improve the overall effi ciency of the dairy industry.
